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Abstract. Recent balloon-borne and satellite experiments have established new features in the
behavior of the spectra of cosmic rays. An analysis of all the data showed that hardening of most
abundant primary cosmic ray nuclei spectra with increasing rigidity is observed in > 200 GV
region. At the same time, rigidity dependences of secondary cosmic rays are distinctly different.
The AMS-02 data show that above 200 GV the secondary cosmic rays Li, Be, B harden more
than the primary He, C, O.
In this paper we discuss a new scenario that self-consistently describes these new features of
the cosmic ray spectra. We demonstrate that the measured by the AMS-02 changes in the slope
of the cosmic ray spectra caused by the transition from the contribution of multiple distant
Galactic sources, including the nuclear interactions of the particles accelerated by these sources
with an interstellar medium during their wandering in the Galaxy, to the contribution of mainly
local ones. We also found that the spectral universality is observed at rigidity R > 105 GV.
1. Introduction
In the last decade, measurements of the cosmic ray (CR) nuclei in the GV–TV rigidity region
by new-generation balloon-borne and satellite instruments [1–8] have established new features
in behavior of their spectra. It was found that both the spectra of most abundant primary CR
nuclei proton, He, C, O, N, and the secondary cosmic rays Li, Be, B at rigidity R > 100−200 GV
exhibit a hardening with increasing rigidity. As follows from figure 1, they deviate from a single
power law. Above 60 GV, the three fluxes He, C, O measured by the AMS-02 have identical
rigidity dependence within the measurement errors and the ratios He/O and C/O are well fit
by a constant value [6].
The rigidity dependences of secondary and primary CRs are distinctly different. The AMS-02
data show that above 200 GV the secondary cosmic rays harden more than the primary He, C,
O [7].
These newly discovered features are not easy to explain under standard scenario of cosmic
ray origin, acceleration and their propagation in the Galaxy. Under the standard theory, the
primary nuclei are thought to be produced, at least to several PV, by supernova remnant shock
waves by diffusive shock acceleration mechanism that predicts power-law spectra J ∝ R−γ with
slope γ ≈ 2.0 − 2.2. The subsequeant CR transport in the turbulent galactic magnetic fields
is modeled as a diffusion process in quasi-homogeneous medium with the diffusion coefficient
D(R) = D0(R/1 GV)
δ, with δ ≈ (0.3−0.8). Under these assumptions, the spectrum of primary
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Figure 1. The AMS-02 primary and secondary cosmic ray fluxes with their total errors
multiplied by R˜2.7 as a function of rigidity above 30 GV [4–8]. The fluxes were rescaled as
indicated. The He, O, Li, and B data points above 400 GV are displaced horizontally by ∼ 2%
nucleus i generated by the global-scale steady state distribution of sources S(r) is described by
a single power law with index η = γ + δ, which is clearly at odds with the observed hardening
of CR hadrons at GV–TV region.
Due to the fact that the predicted by the standard scenario observed spectrum is determined
by the parameters γ, δ and the distribution of sources S(r), the proposed solutions to the
hardening problem include acceleration mechanisms modification, change of the CR diffusion
properties in the different regions of the Galaxy and superposition of local and distant sources
(see, e.g., [9–18]).
In this paper, we continue to investigate the spectral hardening problem observed at GV–TV
rigidity region within the framework of the approach we proposed in our paper [19]. In that
paper, we point to possible anomalies in the spectra of protons and helium, due to differences
in the behavior of the energy spectra of distant and nearby sources in a highly inhomogeneous
galactic medium. However, the lack of experimental data for the range of ∼ 200− 3000 GeV at
that time did not allow us to discuss these new features in [19].
In the current study, using the precision measurement of the primary and secondary cosmic
ray nuclei spectra in the AMS-02 experiment [4–8], we demonstrate that the observed changes
in the slope of these spectra caused by the transition from the contribution of multiple distant
Galactic sources, including nuclear interactions of particles accelerated by these sources with an
interstellar medium during their wandering in the Galaxy, to the contribution of mainly local
ones.
2. Model
The following basic principles and key assumptions were included in our model.
(i) All particles with a rigidity 30 . R . 5 · 107 GV, observed in the Solar system and on the
Earth, are accelerated mainly by Galactic sources. The spectrum of accelerated particles
in the sources is described by the power law J ∝ R−γ .
(ii) CR sources are divided into two groups as in our paper [19]. The first group includes the
multiple old distant (r ≥ 1 kpc) sources, the second group consists of nearby (r < 1 kpc)
young (t < 106 yr) sources. The spatial distribution of sources also suggests the separation
of the observed CR flux of the nucleus i into two components as follows:
J(r, t, R) = JG(r, R) + JL(r, t, R).
Here
• JG is the global spectrum component determined by the multiple old (t ≥ 106 yr)
distant (r ≥ 1 kpc) sources, including the contribution of nuclear interactions of the
particles accelerated by these steady state sources with an interstellar medium during
their wandering in the Galaxy.
• JL is the local component, i.e. the contribution of nearby (r < 1 kpc) young (t < 106 yr)
sources; the effect of nuclear interactions of particles accelerated in these sources with
an interstellar medium on the observed spectrum is negligible. It is not taken into
account in this work.
(iii) The highly inhomogeneous distribution of matter and magnetic fields in the Galaxy leads
to the anomalous diffusion of CRs [20]. Anomalous diffusion is manifested, in particular,
by abnormally large free paths of particles (so-called “Le´vy flights”) with a power-law
distribution p(r, R) ∝ A(R,α)r−α−1, r → ∞, 0 < α < 2. Besides, a spatially intermittent
magnetic field of the interstellar medium [21] results in a higher probability of a long stay
of particles in inhomogeneities, leading to a presence of the so-called “Le´vy traps”. In the
general case, the probability density function q(t, R) of time t, during which a particle is
trapped in the inhomogeneity, also has a power-law behaviour: q(t, R) ∝ B(R, β)t−β−1, t→
∞, β < 1.
(iv) The equation for the density of particles with rigidity R at the location r and time t,
generated in highly inhomogeneous medium by Galactic sources with a distribution density
S(r, t, R) without energy losses and nuclear interactions can be written as [22,23]
∂N(r, t, R)
∂t
= −D(R,α, β)D1−β0+ (−∆)α/2N(r, t, R) + S(r, t, R). (1)
Here D1−β0+ denotes the Riemann-Liouville fractional derivative [24] and (−∆)α/2 is the
fractional Laplacian (“Riesz operator”) [24]. The anomalous diffusion coefficient is
D(R,α, β) ∼ A(R,α)/B(R, β) = D0(α, β)(R/1 GV)δ.
In case α = 2, β = 1 we obtain Ginzburg-Syrovatsky’s normal diffusion equation.
The solution of equation (1) for a point impulse source with emission time T and power-
law injection spectrum S(r, t, R) = S0R
−γδ(r)Θ(T − t)Θ(t) (Θ(τ) is the step function) has the
form [23]
N(r, t, R) =
S0R
−γ
D(R,α, β)3/α
t∫
max[0,t−T ]
dττ−3β/αΨ(α,β)3
(
|r|(D(r, α, β)τβ)−1/α
)
, (2)
where Ψ
(α, β)
3 (ρ) is the density of the fractional stable distribution [25]
Ψ
(α, β)
3 (ρ) =
∞∫
0
g
(α)
3 (rτ
β)q
(β,1)
1 (τ)τ
3β/αdτ.
It should be noted that the spectrum (2) has the ”knee” [19, 20, 22, 23]. The spectral index
for observed particles η at the knee rigidity R = Rk is equal to spectral exponent for particles
generated by the source: η|R=Rk = γ. One can also find from (2) that at R Rk and R Rk
we have, respectively:
η|RRk = γ − δ, η|RRk = γ + δ/β. (3)
The spectrum of observed primary particles from a steady state source differs significantly
from (2). It has no knee and the spectrum exponent turns out to be equal to the CR spectrum
index above the knee [26]:
Np(r, R) ∼ R−γ−δ/β.
The scenario proposed in the paper also assumes acceleration of secondary particles in
Galactic sources. Some mechanisms for the acceleration of these nuclei were discussed in
papers [27–31]. Since the equilibrium spectra of secondary CRs are R−δ times softer than
the primary ones, the spectrum of observed secondary particles from a steady state source in
our model can be represented as
Ns(r, R) ∼ R−γ−δ/β−δ.
3. Results
In the framework of the model described above the observed spectrum of the cosmic ray nucleus
i due to all sources of the Galaxy may be presented in the form
J(r, t, R) =
v
4pi
[
SGR
−γ−δ/β−εδ +
SLR
−γ
D(R,α, β)3/α
×
×
∑
rj<1 kpc
tj<10
6 yr
tj∫
max[0,tj−T ]
dττ−3β/αΨ(α,β)3
(
|rj |(D(R,α, β)τβ)−1/α
)]
. (4)
It is clear from the physical point of view that the bulk of observed CRs with rigidity
R ∼ 1 ÷ 102 GV forms by numerous distant sources. It means that the CR fluxes in this
rigidity region must be described by first term in (4). The parameter ε in this term is zero for
primary nuclei and is assumed to be equal to one — for secondary nuclei. The second term
defines the spectrum in the high energy region and, as discussed above, has a knee.
In the framework of our approach, we can self-consistently retrieve the main parameters of
the diffusion model from experimental data. The key element in the retrieval of these model
parameters is the presence of a knee in the spectrum (4). From equations (3), for example, we
find
γ = η|RRk + δ, β =
δ
η|RRk − η|RRk − δ
.
Since η|RRk ∼ 2.56 ÷ 2.64, η|RRk − η|RRk ∼ 0.6 ÷ 0.7 [32, 33], δ ∼ 0.27 [7], last equations
permit to estimate both spectral exponents γ and β:
γ ∼ 2.8÷ 2.9, β ∼ 0.6÷ 0.8.
We note that a similar steep spectrum of accelerated particles has been observed from the
supernova remnants W44 [34] and IC 443 [35] with the Fermi Large Area Telescope, and W49B
with H.E.S.S. and Fermi-LAT [36]. The value γ = 3 has been found in [37] for RX J1713.7-3946.
At energies > 400 GeV, VERITAS and Fermi-LAT observe gamma-ray emission from Tychos
SNR with power-law index ∼ 2.92 [38].
To evaluate parameter α, general results for particles spectral exponent γ obtained in the
framework of the diffusive shock acceleration theory extended to the case of anomalous transport
with “Le´vy flights” and “Le´vy traps” have been used (see [Lagutin A.A., 2019, to be published]).
It was shown that for β = 0.6÷ 0.8 spectral exponent γ = 2.8÷ 2.9 corresponds to nondiffusive
transport with α ∼ 1.7÷ 1.8.
A set of anomalous diffusion model parameters adopted in this paper is given in Table 1.
The spatial and temporal coordinates of the local sources are presented in [39]. The spherically
symmetric force model [40] with ϕ = 600 MV is used to describe the solar modulation.
Table 1. The anomalous diffusion model parameters
Parameter Value
γ 2.85
δ 0.27
D0(α, β) 1.5 · 10−3 pc1.7y−0.8
α 1.7
β 0.8
T 104 y
Figure 2 shows the model results of the spectra of nuclei measured by AMS-02 experiment [4–
8]. Points on this figure are the results of AMS-02. In this and the subsequent figures, the data
points are placed along the abscissa at R˜ calculated for a flux f(R) = R−2.7 with the use of
equation (5) from [41]. The solid green lines are the global spectrum component determined by
the multiple old distant sources. Solid blue lines are the contribution of the local sources. The
spectrum due to all sources of the Galaxy is shown by the solid red line.
Figures 3 and 4 show the rigidity dependence of the model spectral index of nuclei measured
by AMS-02 and the flux ratios of some nuclei.
4. Conclusions
We have presented a novel scenario reproducing the features in the spectra of nuclei measured
by AMS-02 experiment [4–8]. The key elements of this scenario are the following.
(i) All particles with a rigidity R . 5 · 107 GV, observed on the Earth, are accelerated mainly
by galactic sources. The spectrum of these particles in the sources is J ∝ R−γ .
(ii) The highly inhomogeneous distribution of matter and magnetic fields in the Galaxy leads
to the anomalous diffusion of CRs.
(iii) All galactic sources are divided into two groups — multiple old distant and nearby young
ones. This separation is due to a significant difference in the spectra of distant and local
sources. A much steeper spectra in GV–TV rigidity region of nuclei accelerated in distant
sources, compared with the spectra from local sources, is determined by steady state mode of
particle injection by an ensemble of these distant sources, as well as by nuclear interactions
during their subsequeant propagation in the interstellar medium.
(iv) Self-consistent technology to retrieve the main parameters of the model from experimental
data is used. It is based on the fact that the spectrum of individual nucleus has a knee.
Figure 2. Spectra of p, He, C, N, O and B multiplied by R˜2.7 as a function of rigidity, obtained
in the anomalous diffusion model, compared with the AMS-02 measurements [4, 6]
We demonstrate that the observed changes in the slope of the cosmic ray spectra caused by the
transition from the contribution of multiple distant Galactic sources to the contribution of mainly
local ones. We also found that the spectral universality is observed at rigidity R > 105 GV.
The space missions AMS-02, DAMPE and CALET, which currently measure nuclear spectra
with high precision in a wide rigidity region, could verify our model predictions in the near
future.
Figure 3. The dependence of the p, He, C , N, O and Li, Be, B spectral indices on rigidity in
the anomalous diffusion model. Data points and the shaded region are from [5,7]
Figure 4. The p/He, He/O, N/B and B/C flux ratios as functions of rigidity, obtained in the
anomalous diffusion model (solid purple lines), compared with the AMS-02 data [5,6]. The solid
blue curve indicates the fit of a single power law with γp/He ≈ −0.077 to the AMS-02 data for
p/He ratio [5]. The dashed black lines indicate the total errors of the fits by constant values of
the He/O ratio [6]
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